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Abstract The clamMeretrix meretrix is a member of widely
cultured, commercially important clams. A marker–trait asso-
ciation analysis was performed using expressed sequence tag
(EST) simple sequence repeat (SSR) markers for marker-
assisted selection in M. meretrix. Three markers, MM1272,
MM2034, and MM7721, were found to be significantly asso-
ciated with quantitative trait loci (QTLs) controlling shell
length (P<0.0001) in clams of a fast-growing population
(JSF) and a control population (JSC). The 144-bp allele of
MM1272, the 154-bp allele of MM2034, and the 152- and
165-bp alleles of MM7721 showed a significantly higher
frequency in the JSF population (17.65, 36.41, 28.67, and
29.33 %) than in the JSC population (4.65, 8.33, 3.47, and
5.56 %). The three markers showed lower values for the
number of alleles and observed heterozygosity as well as a
higher proportion of homozygotes in JSF than in JSC popu-
lation. The three markers have been further confirmed in the
high and low tails of another population (09G3SPSB); simi-
larly, lower values for the number of alleles and observed
heterozygosity as well as a higher proportion of homozygotes
were found in 09G3SPSBH. The putative functions of the three
gene fragments containingMM1272,MM2034, andMM7721
also suggested that the three SSR-containing genes might be
involved in growth ofM. meretrix. All the results suggest that
the three EST-SSR markers associated with growth QTLs
would be useful for marker-assisted selection in M. meretrix
breeding.
Keywords Meretrix meretrix . EST-SSR . QTL . Selective
genotyping . Marker–trait association
Introduction
In nature, the clam Meretrix meretrix is distributed in the
coastal areas of South and Southeast Asia (Liu et al. 2006).
With the development of breeding techniques for seed pro-
duction, M. meretrix has become one of the commercially
important, cultured clams that live in shallow seas (Tang et
al. 2006). Recently, traditional breeding methods, such as
selection and crossbreeding, have been successfully used to
increase growth performance in M. meretrix. However,
many problems exist in the clam breeding program. Com-
plex quantitative traits determining the growth performance
and production of M. meretrix, such as shell length and
weight, have high additive genetic variation in relation to
phenotypic variation (Wang et al. 2011a) but are sensitive to
environmental changes. Many useful genes with large
effects in these quantitative traits are probably present in
M. meretrix. In addition, directional selection based on
phenotype is time-consuming, labor intensive, and expen-
sive. Consequently, developing growth-related makers for
marker-assisted selection (MAS) will facilitate the growth
enhancement of clam populations.
Microsatellites, also known as simple sequence repeats
(SSRs), have been widely used in genetic analysis because
of their ubiquitous presence in genomes, and the genetic
characteristics of co-dominance and their multi-allelic fre-
quency. Although anonymous SSRs are more polymorphic
than genic SSRs (Cho et al. 2000; Lee et al. 2004), their
location within putative candidate genes makes genic SSRs
particularly interesting as functional markers for the con-
struction of linkage maps and MAS. In recent years, due to
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the rapid increase of sequence information, genic SSRs
identified from expressed sequence tag (EST) database have
been broadly used for the development of markers, com-
monly referred to as EST-SSR markers, and they have been
applied to genetic studies in different species (Acuña et al.
2010; Fernandez-Silva et al. 2008; Sharma et al. 2009;
Singh et al. 2008; Ueno et al. 2008; Wang et al. 2006,
2008; Yu et al. 2009). EST-SSR markers that arise from
their close linkage to potentially important genes would be
advantageous for the identification of quantitative trait loci
(QTLs) associated with target traits.
Linkage mapping, which is the classical approach for the
identification of QTLs, is a time-consuming method for
developing mapping families with a robust phenotypic dif-
ference. A biparental family provides limited opportunities
for the recombination that occurs during the development of
mapping families, which makes it difficult to map QTLs
with precision (Cardon and Bell 2001; Gupta et al. 2005;
Hansen et al. 2001; Stella and Boettcher 2004). Linkage
studies used to discover QTLs can typically only involve
assaying trait phenotypes and marker genotypes on several
hundred individuals from family data (Edwards et al. 1987;
Soller and Beckmann 1990); in general, reducing the overall
size of a family will decrease the power of QTL detection
(Charcosset and Gallais 1996) and increase the probability
of detecting a false-positive QTL. In addition, QTLs
detected in a biparental family are often difficult to transfer
to different genetic backgrounds; thus, the general applica-
bility for MAS is limited (Blanc et al. 2006; Takeda and
Matsuoka 2008).
A marker–trait association analysis between polymor-
phisms in anonymous markers, such as amplified fragment
length polymorphism, sequence-characterized amplified re-
gion marker, and SSR, and in target traits is an alternative to
QTL mapping in biparental families (Araneda et al. 2005,
2009; Colihueque et al. 2010; Felip et al. 2005). This approach
is performed by bulked segregant analysis (Michelmore et al.
1991) or selective genotyping (Darvasi and Soller 1992, 1994;
Gallais et al. 2007; Huang and Lin 2007). Of these analysis
methods, selective genotyping provides a partial solution to
the problems of QTL mapping by focusing on the most
genetically informative individuals from the high and/or low
tails of the phenotypic distribution across the germplasm
collection, the segregating population, or the selection popula-
tion (Lander and Botstein 1989; Lebowitz et al. 1987; Moreau
et al. 2004). In selective genotyping, marker–trait association is
inferred by comparing the differences in allelic frequency
between groups of individuals based on trait values (Stuber
et al. 1980, 1982).
Selective genotyping has been widely used for the detec-
tion and validation of QTLs (Coque and Gallais 2006;
Quarrie et al. 1999; Wingbermuehle et al. 2004; Zhang et
al. 2003) and for the detection of significant changes in
marker allele frequency after selection (Moreau et al.
2004). Many scientists have discussed the theory and ex-
perimental design for the analysis of allele frequencies in
groups with significantly different phenotypic values for a
quantitative trait; they suggested that a trait-based associa-
tion analysis is a useful approach for the detection of QTLs
(Gallais et al. 2007; Lebowitz et al. 1987; Navabi et al.
2009; Sun et al. 2010). Trait-based analysis has been applied
using two methods: bidirectional selective genotyping
(BSG), which involves the analysis of allele frequencies in
both the high and low tails of the phenotypic distribution
(e.g., Zhang et al. 2003), and unidirectional selective geno-
typing (USG), which is the analysis of allele frequencies
from only one selected tail (e.g., Foolad et al. 2001). USG is
of particular interest for use within breeding programs be-
cause it has the potential to permit QTL detection using
superior individuals from selection breeding (Navabi et al.
2009). BSG is generally more effective and more commonly
used in practice because the effect of segregation distortion
can be properly avoided.
The availability of highly polymorphic functional EST-
SSR markers has made it possible to identify QTLs for
economically important mollusk species such as the clam.
The increase of information from ESTs for M. meretrix
enables the development and characterization of functional
SSR markers in this clam. In this study, to identify and
confirm growth-associated markers, the extreme individuals
for shell length were selected for association analyses, as
shell length has a significantly positive correlation with
other growth traits in M. meretrix (Jin et al. 2009). If QTLs
controlling growth performance exist, the selective process
would increase the frequency of the QTL alleles (and mark-
er alleles linked with QTLs) that increase the phenotypic
values (Abiola et al. 2003). We developed and identified
functional EST-SSR markers associated with growth QTLs
in a fast-growing selected population (JSF) and a control
population (JSC) of M. meretrix by studying changes in
allele frequencies based on selective genotyping. In addi-
tion, an independent population, 09G3SPSB, was used to
confirm the identified markers. We hope that the identified
functional EST-SSR markers associated with QTLs for
growth will enable MAS in M. meretrix breeding.
Materials and Methods
Clam Populations
To identify microsatellites associated with QTLs, USG was
used for a fast-growing selected population. The selection
population JSF and the control population JSC were con-
structed as follows. In 2006, a selection experiment was
initiated for harvest weight using two geographical
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populations from Shandong (SD) and Jiangsu (JS) as
breeders; male clams collected from the JS population were
mated with female clams selected from the SD population to
produce a hybrid population (JSH). In June 2008, 100
individuals from the JSH population were collected random-
ly as a broodstock to generate the JSC population, and the
top 15 % fastest growers (about 150 individuals) of the JSH
population were selected to produce the JSF population
(Fig. 1). The JSC and the JSF populations were cultured
separately in an intertidal mudflat of Weifang, China. The
JSF clams from the truncation selection showed a signifi-
cantly faster growth performance when compared to the JSC
clams.
To confirm the QTLs identified in the initial association
study, BSG was used in one independent population
(09G3SPSB). The 09G3SPSB population was constructed
as follows. Two groups of 500 clams, one group with purple
stripes and one group with black dots, were selected from
the Shandong population (SD) to produce the first gener-
ations of 04G1SP and 04G1SB in June 2004. Using the same
strategy, the second generations of 06G2SP and 06G2SB
were produced in June 2006. In July 2009, female clams
randomly selected from the 06G2SB population were mated
with male clams randomly selected from the 06G2SP pop-
ulation to produce the 09G3SPSB population (Fig. 2). The
clams were reared at the hatchery of the Zhejiang Maricul-
ture Research Institute (Wenzhou, China). The phenotypic
values of the growth traits of the individuals in the
09G3SPSB population have a significant variance.
Sampling and DNA Extraction
For the association studies, a total of 192 clam individuals
were selected from the JSF and JSC populations when they
were 15 months old in 2009. This group of 192 clams
contained 96 individuals collected randomly from 300 indi-
viduals of the JSF population and 96 randomly collected
individuals from the JSC population. In addition, a total of
96 individuals from the two extreme tails of the 09G3SPSB
population were selected when they were 12 months old in
2010; these clams consisted of a group of 48 individuals from
the tail with high shell lengths (09G3SPSBH) and a group of
48 individuals from the tail with low shell lengths
(09G3SPSBL) from 240 individuals. An independent group
of 96 individuals was randomly selected from 09G3SPSB for
the estimation of the initial allele frequency. The values of
shell length were transformed to logarithms to ensure normal-
ity and homoscedasticity (Neter et al. 1985). The differences
of the transformed data between the JSF and JSC populations
or between the 09G3SPSBH and 09G3SPSBL groups were
analyzed with t test.
For all of the sampled individuals, foot tissue was dis-
sected separately from fresh specimens and fixed immedi-
ately in 95 % ethanol. DNAwas extracted using the protocol
described by Taggart et al. (1992). The DNA concentration
was measured using a spectrophotometer (Thermo, USA).
All the DNA samples were diluted to 20 ng μl−1 with Tris–
EDTA buffer (pH 8.0) prior to amplification via polymerase
chain reaction (PCR).
Selection of EST-SSRs Involved in the Clam Growth
A total of 2,970 EST-SSRs were isolated from 124,737
contigs and singletons from the 454 shotgun sequencing of
the M. meretrix transcriptome in our previous study (acces-
sion no.: JI257612–JI292615, Huan et al. 2012; Wang et al.
2011b). In the present study, to identify polymorphic EST-
SSR markers, the conditions for the identification of EST-
SSRs were as follows: a repetition length ≥20 bases for the
di- and trinucleotides and ≥ 28 bases for the tetra- and
Fig. 1 Experimental design for the identification of associated
markers: the JSF population is a faster growing population, and the
JSC population is a random selection population
Fig. 2 Experimental design for the confirmation of the identified
markers: the 09G3SPSB population is a hybrid population with signif-
icantly different phenotypic values for growth
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pentanucleotides. The resulting EST-SSRs that contained
sufficient flanking sequences were identified as candidates
for marker development; they were compared with the pro-
tein nonredundant database using BlastX (Altschul et al.
1997) with E values less than 1.0×10−5 at the National
Center for Biotechnology Information (NCBI; Bethesda,
MD, USA). The unmatched EST-SSRs were searched for
in the NCBI nucleotide database using BlastN (Altschul et
al. 1990) with a cutoff of E−5. Gene ontology terms (Ash-
burner et al. 2000) from the Uniprot database (E value
≤1.0×10−5) were extracted based on the best matches
obtained from the BlastX search. For a further association
analysis, primers were designed for the SSR-containing
sequences that were annotated as likely being involved in
growth.
EST-SSR Amplification and Genotyping
We selected 54 EST-SSRs for the development of SSR
markers from those EST-SSRs that showed significant sim-
ilarities to genes involved in growth. The sampled individ-
uals were genotyped by 30 EST-SSR markers that were
characterized as being polymorphic (Table 1). Amplification
was performed in a total volume of 10 μl, containing 1×
PCR buffer (Promega, USA), 1.25 μmol MgCl2, 50 μmol of
each dNTP, 0.25 μmol of each primer, 0.2 U of Taq DNA
polymerase (Promega, USA), and approximately 20 ng of
template DNA. In an MJ PCR-200 thermal cycler (Bio-Rad,
USA), the thermal cycling procedure was as follows: initial
denaturation at 94°C for 5 min, 35 cycles of denaturation at
94°C for 30 s, annealing at 55°C for 30 s, and extension at
72°C for 45 s, followed by 10 min at the end. The size of the
alleles was determined with 8 % nondenaturing acrylamide
gels with a standard DNA marker of 50 bp (MBI, USA).
Each individual diploid genotype was quantified using
Quantity-One software (v 4.5, Bio-Rad).
Genetic Analysis
Allele frequencies, the number of alleles (Na), the number of
heterozygotes and homozygotes per locus, and the observed
heterozygosities (Ho) were estimated for the SSR markers in
the four groups (JSF, JSC, 09G3SPSBH, and 09G3SPSBL)
using CERVUS 3.0 (Kalinowski et al. 2007). Meanwhile, the
difference of genetic diversity between the JSF and JSC pop-
ulations or between the 09G3SPSBH and 09G3SPSBL groups
was detected by t test as paired observation (Archie 1985).
Test of Marker–QTL Association by Changes of Marker
Allele Frequency
To detect marker–QTL associations, the approach proposed
by Gallais et al. (2007) was used to assay the change in
allele frequency due to selection in the present investigation.
With selection for the JSF population, it is necessary to test
whether the change in allele frequency due to selection is
significant, i.e., whether it is higher than the frequency
observed in the JSC population with random selection. Let
p1 be the allele frequency after USG for the JSF population,
with the initial frequency represented by p2 (the frequency
in the JSC population). The significance of the change can
be approached by a χ2 test:
x2 ¼ bp1  bp2ð Þ2=var p1
where bp1 is the observed allele frequency after selection for
the JSF population, bp2is the observed allele frequency in the
sample of the JSC population, and var p1 is the expected
variance of allele frequency due to sampling. To compute
var p1, we must note that there are two steps of sampling
from the population of infinite size: first, N individuals are
collected at random from the JSF population (N0300), and
NS individuals are selected randomly from the N individuals
for association analysis (NS096). Taking into account both
origins of genetic drift, the variance in allele frequency in
the first generation of selection is:
var p1 ¼ bp2 1 bp2Þð 1 1
1
N
 
1 1
NS
  
Using BSG in the 09G3SPSB population, instead of
testing the change in allele frequency in each tail separately,
one can take advantage of the evaluation of frequency in
both tails by testing the differences between bpH , the ob-
served allele frequency in the higher tail, and bpL , the
observed allele frequency in the lower tail, using the χ2 test:
c2 ¼ bpH  bpLð Þ
2
var pH  pLð Þ
Because these two allele frequencies are independent,
var pH  pLð Þ ¼ var pH þ varpL¼ 2varpH
Similarly, to compute var pH, the variance in allele fre-
quency is:
var pH ¼ bp0 1 bp0Þð 1 1
1
N
 
1 1
NS
  
With bp0 representing the initial allele frequency in the
09G3SPSB population, N individuals are collected random-
ly from 09G3SPSB (N0240), and NS individuals are respec-
tively selected from the two tails with extremely phenotype
values of the N individuals for association analysis (NS048).
In the following analysis, the χ2 test was used with the
degree of freedom of 1 at the level of P<0.0001, after a
Bonferroni-like correction of α level of every chi-square
dividing α level by k alleles (Rice 1989).
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Table 1 Characteristics of the 30 polymorphic EST-SSR loci analyzed in the JSF, JSC, and 09G3SPSB populations of M. meretrix
Locus Primer sequences (5′–3′) Repeat motif Size (bp) Na Ta TSA accession
MM98a F: AGCGAAGATTTTAACAAA (TGA)n 100–174 18 55 JI257709
R: ATCTTCAACTCACCATCATCA
MM1031b F: GGTTGTGAAAGACAATTGAGA (CAT)n 105–180 16 55 JI258639
R: TGCCCATTAAAGACAAGACTA
MM1272a F: AGGCCTGAAATGTTTCTTAAC (TTG)n 118–181 19 55 JI258879
R: AAACGACGCTCAACATCTAT
MM2016a F: AAGCCTCATGTATTGAACAAA (TGTC)n 100–166 13 55 JI259618
R: ATGCACAATTTCTGAACAACT
MM2034a F: CCACCAAGTCTACAGTCTTCA (GA)n 130–178 15 55 JI259636
R: AAAAAGGACCAAAACAAAGT
MM3923a F: TTTTCGTCTTAATGAGGGTTA (AATC)n 102–158 7 55 JI261510
R: GTTTGTGAAATAGTGCTCTGC
MM5138b F:TTAACAAACTTGCATTTCCTC (TGA)n 96–176 17 55 JI262714
R:TCATCATCTTCAACTCACCAT
MM5358a F:TTCTACTGACCTAAGCTGCTG (AATC)n 100–170 15 55 JI262933
R:CCATATGTGTCATTGGAAGTT
MM6277a F: GACCAATGAAATTCAGTCAAA (TG)n 123–154 9 55 JI263848
R: TAGAAAACATAAGGCACTGCT
MM6477a F:CTGATTGAAATCTTCGGTATG (CAT)n 135–166 9 55 JI264048
R:GACTAGGGGATTAGGTCTTGA
MM6717a F:TGGAAGTTGATAATCTGAAGC (TTGA)n 125–154 11 55 JI264287
R:TTCTACTGACCTAAGCTGCTG
MM6863a F:AACATCCAAGTACAGTTGCTG (TGTC)n 122–168 14 55 JI264433
R:TTTACAGACAGACAGGCAGAT
MM7721b F:AAGAGAGTGAAGGAAGCCTTA (TGTC)n 86–178 16 55 JI265286
R:ATGCACAATTTCTGAACAACT
MM8105a F: AGTTGCCTTGAAGTAAAGTCC (TGAT)n 135–164 11 55 JI265669
R: CATGATCAATCATTGGTTACA
MM8365a F: AAGCAAAACTATCACATTCCA (ACAG)n 105–177 13 55 JI265926
R: AGTCTGTCATCTCCTTTCGAT
MM8526b F:CTGTCTGTTTGCTTGTCTCTC (TCTG)n 108–174 17 55 JI266086
R:CAATCGCTTCAGTGAAAGTTA
MM8777b F:ACTCTGCCTTGTGCTTTTTAT (AT)n 112–178 10 53 JI266337
R:CTTATTCAGGGAGGACTTGAT
MM9504b F:TATGACTGACACACACGCATA (TG)n 124–186 18 55 JI267057
R:GACGATTTATTCACGTAAAGG
MM12295a F: AAATGGTTCCTAACGTTCATT (ACA)n 105–161 12 55 JI269829
R: AAGCTTGTATAAGTGCACGAG
MM12736a F:GTCAGCGAAGATTTTAACAAA (TGA)n 114–172 12 54 JI270267
R:TCATCATCTTCAACTCACCAT
MM14624b F: CATGCAACTACATCACCTTTT (TTCTA)n 116–220 17 55 JI272144
R: ATGCACAATTTCTGAACAACT
MM16268a F:TCGATTCTGAACTTGTAGACG (AC)n 127–182 13 55 JI273780
R:TATGTGTGTGTGTGTGTGTTT
MM21723 F:CTCGATATGTCTTGTGAGCAT (TA)n, 124–230 19 55 JI279216
R: TAGTTAGTTGGGCTGTTGTTG (ACA)n
MM26141 F: ACAAATGTACCTGTGCGTAAT (GATT)n 142–180 16 56 JI283609
R: TCGTGCCTGTATTGATAAAAT
MM26175a F: ACATCATCATCTCAACTCACC (ATC)n 118–183 17 54 JI284180
R: GTCAGCGAAGATTTTAACAAA
MM26863a F: AAGCCTCATGTATTGAACAAA (TGTC)n 127–182 13 53 JI284326
R: ATGCACAATTTCTGAACAACT
MM32929 F: GGTTCTGACTCAAAATTCTGTGAA (AAT)n 102–188 17 56 JI290354
R: TGGCATCTTTTTCAGTAAATCAG
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Results
Description of Phenotypic Variability in the USG or BSG
Groups
The mean value of the shell length of faster growing JSF
population was 33.036±2.810 mm and that of JSC popula-
tion was 22.418±3.204 mm. In addition, the mean shell
length of the 09G3SPSBH group was 16.651±2.603 mm
and that of the 09G3SPSBL group was 10.038±1.434 mm.
After logarithm transformation of the individual values for
normality and homoscedasticity, the mean value of JSF
population was significantly larger than that of JSC popula-
tion (t07.43, P<0.01), and mean value of the 09G3SPSBH
group was also significantly larger than that of the
09G3SPSBL group (t05.26, P<0.01). These results show
that the trait of shell length in M. meretrix might be influ-
enced by alleles associated with QTLs.
Genetic Variability in the USG or BSGGroups at 30 EST-SSR
Loci
The genetic variability of the four analyzed groups at the 30
EST-SSR loci is summarized in Table 2. The mean number of
alleles (Na) of the JSF population (Na09.7) was significantly
lower than that of the JSC population (Na011.4; t02.63, P<
0.05); the mean observed heterozygosity (Ho) of the JSF
population (Ho00.4741) was significantly lower than that of
the JSC population (Ho00.5356; t03.14, P<0.05). Similar
trends were detected between the 09G3SPSBH and
09G3SPSBL groups: these values in the 09G3SPSBH group
(Na08.0, Ho00.5643) were all significantly lower than those
in the 09G3SPSBL group (Na08.1, Ho00.6100; Table 2).
Marker–QTL Association Analysis
After determining marker–QTL association by investigating
changes in marker allele frequency between the JSF and
JSC populations, the alleles from three markers, MM1272,
MM2034, and MM7721, were found to be significantly
associated with QTLs controlling shell length at P<0.0001
in M. meretrix (Table 3). For MM1272, the 144-bp allele
showed a significantly higher frequency in the JSF popula-
tion (17.65 %) compared with the JSC population (4.65 %).
Similarly, at the MM2034 locus, the 154-bp allele showed a
significantly higher frequency in the JSF population
(36.41 %) than in the JSC population (8.33 %). At
MM7721, the 152- and 165-bp alleles both showed signifi-
cantly higher frequencies in the JSF population (28.67 and
29.33 %, respectively) than in the JSC population (3.47 and
5.56 %, respectively).
Table 1 (continued)
Locus Primer sequences (5′–3′) Repeat motif Size (bp) Na Ta TSA accession
MM34016 F: TGAAAAGGCCATGTCAAAGC (AC)n 98–182 16 55 JI291437
R: ATTTGCAAGCATTCTTCTATCACA
MM34198 F: TGGGAAAAGGTTACCAATGC (TGT)n 100–168 13 55 JI291619
R: TCTGTATAGGGCCAAACATGC
MM34453 F: CACCGTATGACCTTAGGTGTTG (AATC)n 114–178 14 55 JI291869
R: ACACACAACCCTGAAACTAAGC
Ta annealing temperature (in degrees Celsius), Na number of alleles
a Loci from Lu et al. (2011)
b Loci from Wang et al. (2011b)
Table 2 Genetic variance of the four analyzed groups at the 30 EST-
SSR loci
JSF JSC 09G3SPSBH 09G3SPSBL
Mean Na 9.7 11.4 8.0 8.1
Mean Ho 0.4741 0.5356 0.5643 0.6100
Mean He 0.8529 0.8643 0.8289 0.8463
PIC 0.8298 0.8438 0.7963 0.8162
Na number of alleles, Ho observed heterozygosity, He expected hetero-
zygosity, PIC polymorphic information content
Table 3 The summary statistics of the association analysis with USG
in for the JSF and JSC populations
Marker/allele bp1 bp2 var p1 χ
2
MM1272
144 0.2765 0.0365 0.000483 119.3779*
MM2034
154 0.3641 0.0833 0.000105 75.26063*
MM7721
152 0.2867 0.0347 0.000460 138.1832*
165 0.2933 0.0556 0.000720 78.42842*
*P<0.0001, significant difference of the allele frequencies between the
two groups
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Confirmation of Markers for Growth
Two groups selected from the higher and lower tails of the
09G3SPSB population (09G3SPSBH and 09G3SPSBL)
were used to confirm the evidence for the alleles associ-
ated with the QTLs detected in our above analysis. As in
the association analysis with USG in the JSF and JSC
populations, MM1272, MM2034, and MM7721 were
again identified to be associated with QTLs that contrib-
uted to shell length at P<0.0001 in the 09G3SPSBH and
09G3SPSBL groups with BSG (Table 4). Again, the 144-
bp allele of MM1272, the 154-bp allele of MM2034, and
the 152- and 165-bp alleles of MM7721 showed signifi-
cantly higher frequencies in the 09G3SPSBH group
(17.70, 31.24, 27.64, and 53.56 %) than in the
09G3SPSBL group (3.12, 6.85, 4.33, and 20.16 %). These
results suggest that the association analysis approaches
and genetic materials used in this study were effective
for the detection of QTLs associated with shell length.
Genetic Variability in the USG or BSG Groups at Three
Growth-Associated Loci
The genetic variability of the three associated loci, MM1272,
MM2034, and MM7721, in the USG or BSG groups is sum-
marized in Table 5. In general, the values ofHo at the three loci
in the JSF population were reduced when compared to these
values in the JSC population. This reduction of heterozygosity
is consistentwith a reduction in the number of alleles (Table 5).
Compared with the JSC population, the JSF population
showed an increased proportion of homozygotes at the three
loci; the proportion of homozygotes at the MM1272,
MM2034, andMM7721 loci for the JSC and JSF populations
were 29.1, 57.6, and 43.6 % and 54.3, 52.8, and 64.0 %,
respectively (Table 5). The genetic variability of the
09G3SPSBH and 09G3SPSBL groups showed a similar trend
for these alleles; the values of Ho at the three loci were lower,
and the proportion of homozygotes was higher in the
09G3SPSBH group than these values in the 09G3SPSBL group
(Table 5).
Putative Function of Associated EST-SSR Markers
The sequences from the three contigs containing the
MM1272, MM2034, and MM7721 loci, which were identi-
fied and confirmed to be growth-associated QTLs, have
highly significant matches to proteins with known functions
(Table 6). The sequences from contig1272, contig2034, and
contig7721 were homologous to an ABC transporter in
Synechocystis sp. (PCC 6803), a NUDIX domain-
containing protein in Capsaspora owczarzaki (ATCC
30864) and a lipoma HMGIC fusion partner-like 4 in Xen-
opus (Silurana) tropicalis, respectively. These proteins are
involved in metabolism and growth.
Discussion
There was strong evidence supporting the existence SSR
loci associated with QTLs influencing growth in oysters
(Guo et al. 2011). Currently, no growth-associated genes
or genetic markers have been used for MAS in M. meretrix
breeding; the nonexistence of genetic maps and appropriate
genetic families has limited our ability to identify QTLs for
Table 4 The summary statistics of the association analysis with BSG
in the 09G3SPSB H and 09G3SPSBL groups population
Marker/allele bpH bpL var pH  pLð Þ χ2
MM1272
144 0.1770 0.0312 0.000102 104.2041*
MM2034
154 0.3124 0.0685 0.000316 94. 12533*
MM7721
152 0.2764 0.0433 0.000291 93.36015*
165 0.5356 0.2016 0.00514 108.95175*
*P<0.0001, significant difference of the allele frequencies between the
two groups
Table 5 Genetic variance at the three EST-SSR markers associated
with QTLs for shell length in the four analyzed groups of M. meretrix
JSF JSC 09G3SPSBH 09G3SPSBL
MM1272
Na 14 14 9 11
Ho 0.424 0.709 0.583 0.787
He 0.905 0.908 0.870 0.889
Het (%) 42.4 70.9 58.3 78.7
Hom (%) 57.6 29.1 41.7 21.3
MM2034
Na 7 11 6 9
Ho 0.457 0.564 0.561 0.587
He 0.773 0.898 0.713 0.779
Het (%) 45.7 56.4 43.2 68.6
Hom (%) 54.3 43.6 56.8 31.4
MM7721
Na 7 14 5 5
Ho 0.360 0.472 0. 332 0.382
He 0.812 0.885 0.760 0.776
Het (%) 36 47.2 23.3 28.2
Hom (%) 64 52.8 76.7 71.8
Na number of alleles, Ho observed heterozygosity, He expected hetero-
zygosity, Het proportion of heterozygotes, Hom proportion of
homozygotes
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growth. However, we have accumulated some populations
suitable for the identification of growth QTLs in the past
years. In addition, we have collected 2,970 EST-SSRs
(2.38 %) from the 454 shotgun sequencing of the M. mer-
etrix transcriptome (Wang et al. 2011b). Based on these
findings, as an alternative approach to QTL mapping, a
marker–trait association analysis was used to identify QTLs
for growth. Three functional EST-SSR markers were iden-
tified and confirmed to be associated with the shell length of
M. meretrix. This is the first evidence of SSR markers
associated with growth in this species.
Loci associated with QTLs show allelic heterogeneity
among the analyzed groups with a difference in phenotype
(Araneda et al. 2009; Fishback et al. 2000). Similar results
were shown in the present study for the associated markers:
specific alleles were represented more in the JSF group and
less in the JSC group. The marker–trait association analysis
used in this study demonstrated that the 144-bp allele of
MM1272, the 154-bp allele of MM2034, and the 152- and
165-bp alleles of MM7721 were significantly associated with
QTLs for shell length (P<0.0001). These alleles all displayed
significantly higher frequencies in the JSF population com-
pared to the frequencies in the JSC population. Another two
markers, MM98 and MM8365, were found to be associated
with shell length at a level of P<0.001. The 138-bp allele of
MM98 showed a significantly higher frequency in the JSF
population (34.56%) than in the JSC population (8.82 %), but
the 158-bp allele of MM8365 showed a significantly lower
frequency in the JSF population (10.87 %) than in the JSC
population (37.31 %, data not shown). To obtain more reliable
markers for MAS inM. meretrix breeding, we chose the three
associated markers at a P<0.0001 level of significance for
further analysis in the present study.
We found that in all the loci that were tested, the JSF and
09G3SPSBH populations had higher values of shell length
and have lower values of the mean number of alleles and Ho
than those in the JSF and 09G3SPSBL populations, which
have lower phenotypic values (Table 2). At the three asso-
ciated loci, we showed that the proportion of homozygotes
in the JSF population was increased when compared to
those in the JSC population (Table 5). These results might
be caused by the accumulation of favorable alleles during
the process of selection for high growth performance.
The significantly different alleles were considered to be
associated with QTLs after tests of marker–QTL association
by changes in allele frequency between the JSF and JSC
populations. However, without confirmation of the associa-
tions described above in an independent population, we can-
not rule out the possibility that these associations might be the
product of genetic drift in neutral loci. Because the JSF
population was derived from the JSC population, it is possible
that both of these populations had similar allele frequencies
without the selection experiment. The divergence in the allele
frequencies with selection for the JSF population could be the
product of co-selection with QTL alleles or random changes
by genetic drift. Because of this possibility, we confirmed our
results in an independent 09G3SPSB population with signifi-
cantly different phenotypic values in shell length. After the
BSG was performed in the 09G3SPSB population, consistent
trends were found between its two tails, 09G3PBH and
09G3PBL, further confirming the associated alleles identified
in the JSF population.
The putative functions of the gene fragments containing
the three identified EST-SSR markers in this study provided
evidence demonstrating that these marker-contained genes
are involved in growth. According to the significant matches
of the genes whose protein function is known, the three
identified SSR-contained sequences were homologous to
genes encoding ABC transporters, Nudix superfamily pro-
teins, and HMGIC proteins (Table 6). ATP-binding cassette
transporters are ubiquitous, integral membrane proteins that
actively transport ligands across biological membranes, a
process critical for most aspects of cell physiology (Linton
2007). Nudix superfamily proteins repair DNA damage,
degrade potentially mutagenic and oxidized nucleotides,
and control the levels of metabolic intermediates and sig-
naling compounds (McLennan 2006). HMGIC is a member
of the family of HMGI “high mobility” non-histone chro-
mosomal proteins. Expression of the HMGIC gene is tightly
linked to growth; this gene is mainly expressed during early
development and in growing cells; it also responds to serum
induction as a delayed early gene, and homozygous disrup-
tion of the HMGIC gene in mice leads to the pygmy phe-
notype (Gattas et al. 1999). Thus, we can hypothesize that
the three identified SSR-contained genes might play impor-
tant roles in metabolism, growth, and health in M. meretrix.
In summary, we identified and confirmed three novel
functional EST-SSR markers associated with QTL for
growth in M. meretrix using a marker–trait association anal-
ysis. Due to the high heritability of shell length of M.
Table 6 Characterization of SSR-containing ESTs associated with QTLs for shell length in M. meretrix
Associated sequences Putative function GenBank accession no. E value Organism with similar sequence
contig1272 ABC transporter NP_441089.1 3.00E−3 Synechocystis sp. PCC 6803
contig2034 NUDIX domain-containing protein EFW45949.1 9.00E−07 C. owczarzaki ATCC 30864
contig7721 Lipoma HMGIC fusion partner-like 4 NP_001096451.1 2.00E−43 X. (Silurana) tropicalis
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meretrix (Wang et al. 2011b) and the significantly positive
correlation of shell length with other growth traits (Jin et al.
2009), shell length is useful for developing a strategy of
marker-assisted selection. Genetic selection for clams with
shell lengths might have considerable potential for more
effective utilization in commercial aquaculture purposes.
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